Cryptococcus neoformans is variably encapsulated in vitro, whereas in tissues it develops a large capsule. We observed that cells of a strain with thin capsules, when growing in a standard fungal culture medium, became heavily encapsulated when incubated in serum-free cell culture medium (Dulbecco's modified Eagle's medium IDMEI). Capsule size was quantitated physically by measuring cell volume, and chemically by determining the content of a capsular monosaccharide, glucuronate. The C02/HCO3 couple stimulated capsule development, resulting in visible enlargement by 3 h after exposure to high C02/HCO3. The amount of capsule per cell was directly proportional to the total millimolar C02/HCO3 concentration between 24 and 2.4 mM at pH 7.35, but at constant Pco2 (40 torr) and varying [HCO3J the cells were heavily encapsulated down to pH 6.8. Concentration of C02/HCO3 in the physiologic range increased elaboration of polysaccharide into the medium and slowed the cell generation time from 2 to 6 h. Four other first-passage clinical isolates were all heavily encapsulated in DME with C02/HCO3, but variably encapsulated in DME without C02/HCO3. Exposure of yeast to increased C02/HCO3 caused a marked reduction in complement-mediated phagocytosis by mouse macrophages. A stable clone was isolated which contained capsular polysaccharide, but lacked the C02-inducible phenotype. This clone was avirulent for steroid-treated rabbits. Thus, the prevailing CO2 concentration in mammalian tissues may be one stimulus for capsular polysaccharide synthesis. This could serve as an adaptive mechanism favoring parasite survival in the host.
Introduction
Synthesis of a polysaccharide capsule is a critical determinant of virulence for Cryptococcus neoformans. Isolates from human cerebrospinal fluid (CSF)' have large capsules which are high- 1 . Abbreviations used in this paper: BIS-TRIS, bis(2-hydroxyethyl)iminotris(hydroxymethyl) methane; CBA, Columbia blood agar; CSF, cerebrospinal fluid; DME, Dulbecco's modified Eagle's medium; MOPS, 3-(N-morpholino) propane sulfonic acid; PIPES, piperazine-N,N'-bis(2-ethanesulfonic acid); YNB, yeast nirogen broth.
lighted in India ink preparations (1) . Acapsular mutants have reduced virulence or are avirulent for experimental animals (2) (3) (4) . Whether the amount or thickness of the capsule determines virulence is controversial (5) . In general, the organism is thickly encapsulated when observed in mammalian tissues (1) . However, upon culture in vitro in various fungal media, capsule thickness is variable and is strain-dependent (1, 6) .
While performing phagocytosis measurements on a strain of C. neoformans, designated H99 (7), originally isolated from a human with meningitis, we observed that yeasts cultured in mammalian cell culture medium were highly resistant to engulfment under conditions where yeast cells cultured in a standard fungal medium were readily phagocytized by mouse macrophages. This difference correlated with enlargement of the capsules of yeasts growing in cell culture medium. The observation led to an investigation of the effect of medium components on capsule development. We found that the capsule was a dynamic structure whose size is highly dependent on medium composition: notably (but not exclusively) on the medium CO2/HCO-concentration. in rabbits (7) . H99 cells from slants were grown in suspension in yeast nitrogen broth (YNB) (Difco Laboratories, Inc., Detroit, MI) with 55.5 mM glucose in glass tubes incubated at 370C in a slanted position and were passaged every day. Log-phase cells from these tubes were used commercially (amino acids and vitamins, Gibco Laboratories) or prepared in the laboratory (salts, glucose, and pyruvate). Carbon dioxide concentration was controlled by using C02-sensing incubators at 370C at constant relative humidity (model 3326, Forma Scientific, Marietta, OH). The incubators were calibrated by using an infrared spectrophotometer (IL200 CO2 monitor, Instrumentation Laboratory, Inc., Lexington, MA) to sample incubator air each day. Once set at a given CO2 concentration, the incubators maintained a constant environment and did not require further readjustments. The spectrophotometer was standardized with a commercial 5% C02, 95% N2 gas mixture.
Media in 25-cm2 or 75-cm2 Falcon flasks were equilibrated in an incubator having an appropriate Pco2 and seeded with log-phase C. neoformans cells at -106 cells per ml. The culture flasks were incubated without agitation until the cells were harvested.
Cell volume measurements. Two methods were used. First, direct measurements of the diameter of the cell body plus capsule thickness were made microscopically at X 600 on India ink (Marion Scientific, Kansas City, MO) preparations by using a calibrated micrometer eyepiece. The volume was calculated from the measured diameter by assuming a spherical geometry. Increase in cell volume could occur because of capsule expansion or cell body enlargement or both. Cell body diameters were constant under the different growth conditions studied (-5 Mm) with the exception that the cell bodies of cryptococci grown in YNB were significantly smaller. This was related to the low pH of YNB (5.4). Cell body diameters increased to -5 gm when yeasts were cultured in YNB at pH 7.3. Changes in cell volume resulting from growth in DME media resulted from changes in capsule size.
A second method that employed measurements of packed cell volume and numbers of particles was used. This technique is analogous to erythrocyte volume measurements (8) . Cryptococci washed three times by centrifugation (7,000 g) with phosphate-buffered saline (PBS) were suspended in 100 ul of PBS containing 20% formalin. This treatment killed the yeast without altering the capsule thickness based on microscopic measurements of cells suspended in India ink. Two 25-Mul capillary pipettes were loaded with cell suspension and the ends were sealed in a flame. The pipettes were centrifuged at 1,500 g for 15 min and the percentage of packed cell volume was measured. Enough cells were used to give packed volumes of >10%. 25 sl of the concentrated cell suspension was added to 3.0-10.0 ml of PBS and the absorbance was measured at 520 nm. Absorbance was converted to cell number by using a standard curve. The curve (Fig. 1) Number of Cells per ml .10T6
and 0.5 ml of DME(+NaHCO3) with given concentrations of normal mouse serum was added to each well. Then 0. Cryptococcal meningitis. An animal model of chronic meningitis in corticosteroid-treated rabbits has been described (7, 13). C. neoformans was grown on Columbia blood-agar base (CBA) containing 100 ,ug/ml of chloramphenicol at 350C for 4 neoformans. H99 cells were cultured overnight in DME(+NaHCO3), left, or YNB, right, and India ink preparations were made (X 400).
inoculation. Colony counts of the inoculum were done on CBA. At intervals thereafter CSF was obtained by cisternal puncture for examination on India ink preparations and quantitative colony counts were made on CBA. Total leukocyte counts were made by using a hemocytometer on all CSF samples. All fluids were streaked on DME(+NaHCO3) agar plates and incubated at 37°C in humidified 95% air, 5% CO2.
Results
Induction of capsule formation. In experiments to measure phagocytosis of C. neoformans strain H99 by mouse macrophages, we noted that yeast cells grown in DME(+NaHCO3) were resistant to engulfment when fresh 10% normal mouse serum was used as opsonin. India ink preparations disclosed a striking enlargement in the capsules of cells grown in DME(+NaHCO3) as compared to YNB (Fig. 2) . In a series of experiments H99 cells grown in YNB were transferred to DME that lacked various components, and after a 20-h incubation (log-phase cells), capsule size was evaluated on India ink preparations. When NaHCO3 was deleted from DME and the flasks were incubated at ambient CO2 concentration (0.3 torr), stimulation of capsule production was lost. Other factors tested that had no effect on capsule size were (a) the glucose concentration of DME between 5 and 50 mM, (b) deletion of the DME vitamins except for thiamine which is required for growth of C. neoformans (6), (c) addition of DME amino acids to YNB, (d) adjusting the sodium and phosphate YNB contained no NaHCO3 under ambient Pco2, pH 5.4. DME(+NaHCO3) contained DME(-NaHCO3) and DME(+NaCO3). At fiequenit intervals the yeasts were examined in India ink and samples of the medium were assayed for Time (h) 6 7 Time (h) in DME(+NaHCO3) (o) or DME(-NaHCO3) (-) at 2 X l0s cells/ml. (Fig.  4 B) . Of the three variables-medium pH, bicarbonate, and dissolved C02, only changes in the dissolved CO2 concentration influenced capsule size, with one exception. For comparisons the millimolar concentrations of dissolved CO2 calculated from the Henderson-Hasselbach equation are given in parentheses at each data point. The exception is at low pH (6.1) with 40 torr Pco2 and 1.0 mM NaHCO3 where the effect is lost despite 1.0 mM dissolved CO2 (Fig. 4 B) . At low medium pH, it may be that some supervening factor blocked the accelerated capsule production at a step unrelated to the process affected by CO2. The low pH did not inhibit cell growth and in fact cell counts showed more rapid proliferation as pH dropped from 7.3 to 6.1. In the physiologic pH range, however, it appeared that dissolved CO2 or H2CO3 rather than HCO-or the extracellular pH induced encapsulation. The effect of alkaline pH could not be studied during log phase in that cell growth was inhibited above pH 7.5. The same findings as shown in Fig.  4 Fig. 4 A, although the number of cells per milliliter at time zero in the different media was equal, at the time of harvest the cell concentration was inversely related to the total CO2 concentration. Growth curves were measured for H99 cells in DME(+NaHCO3) or DME(-NaHCO3) (Fig. 5 A) . The generation time in DME(-NaHCO3) was 2.1 h compared to -6 h in DME(+NaHCO3). This finding raised the possibility that relatively slowly replicating cells might develop large capsules irrespective of carbon dioxide concentration. India ink exam- ) in DME(+NaHCO3) (A, e) and DME(-NaHCO3) (-, o rates in both DME(+NaHCO3) and DME(-NaHCO3). This may explain why C3D-like cells emerge after continuous culture in DME(+NaHCO3). If C3D is a spontaneous mutant lacking the C02-inducible character, this genotype would be selected because of its more rapid growth rate in DME(+NaHCO3). The C3D clone has remained stable during more than 150 transfers in DME(+NaHCO3) and upon transfer to DME(-NaHCO3) or Sabouraud's agar. Stationary Capsule induction in other C neoformans strains. Four recent clinical isolates from CSF (MC, F396, KEH) or lung tissue (P3109) were cultured overnight in YNB, DME(-NaHCO3), and DME(+NaHCO3). Cell volume measurements in comparison to H99 strain and H99 (C3D) are shown in Fig. 6 . In all cases growth in YNB led to cells with relatively small capsules while the DME(+NaHCO3) grown cells were thickly encapsulated. For MC, P3109 and KEH strains capsule thickening occurred in DME(-NaHCO3) but not to the extent produced by culture in DME(+NaHCO3). F396 cells were thickly encapsu- Table I . I ND, not done. Because these cells were massively clumped when grown in liquid medium, it was impossible to perform these assays accurately.
lated in DME with or without C02/HCO-. The different C. neoformans strains demonstrated a variability in the encapsulation process in DME(-NaHCO3). This variability ranged from slight thickening (e.g., H99 and P3109) to partial thickening (e.g., MC and KEH) to thickly encapsulated cells (F396). Again, it is clear that encapsulation can be induced by factors other than high carbon dioxide tension and that this depends on the strain and the phase ofthe growth curve (in the case ofthe H99 strain). Phagocytosis of H99 cells grown in DME(+NaHCOg or DME(-NaHCOJ. To test the potential significance of the carbon dioxide-induced encapsulation process, phagocytosis experiments were performed that used activated mouse macrophages. For H99 cells cultured in YNB, phagocytosis in serum-free medium was nil (Fig. 7) . Addition of 10% fresh normal mouse serum led to phagocytosis of 90-100% of the yeasts under conditions of the assay. Phase-contrast microscopy showed that cryptococci were internalized, and not simply attached to the phagocytes. Opsonization by normal mouse serum was completely blocked by the treatments shown in Fig. 7 A. These data are compatible with activation of the alternative complement pathway and engulfment via one of the macrophage C3b receptors (17) (18) (19) .
H99 cells were cultured overnight in DME(+NaHCO3) or DME(-NaHCO3). Although cells grown in DME(-NaHCO3) were readily phagocytized, CO2/HCO-exposed cells were engulfed with low efficiency (Fig. 7 B) . The Figure 6 . Capsule size of five strains of Cryptococcus neoformans growing in media with and without CO2/HCO-. Log-phase cells growing in YNB were transferred to YNB (i), DME(-NaHCO3), (i), or DME(+NaHCO3) (o), and cultured overnight. Cells were harvested and washed in PBS, and cell volumes were measured by using the centrifugation method. YNB contained no NaHCO3 under ambient PCO2, pH 5.4. DME(+NaHCO3) contained for DME(+NaHCO3) grown cells could not be overcome by increasing the serum concentration (Fig. 7 C) . At high serum concentrations (25% and 50%), the capsule ofDME(+NaHCO3)- cells cultured overnight in DME(+NaHCO3). NMS concentration was 10%. (C) Uptake at varying NMS concentrations for H99 cells cultured overnight in DME(-NaHCO3) (A) or DME(+NaHCO3) (. It will be important to determine whether the differences observed for mouse peritoneal macrophages occur with macrophages (and perhaps neutrophils) from sites more relevant to cryptococcal infections, namely lung and CSF. This question is being pursued by using rabbits where macrophages from lung and CSF are more readily available. In the case of the central nervous system, it is clear that opsonins are present in the CSF of rabbits with cryptococcal meningitis. This opsonic activity can be measured using macrophages isolated from the CSF and cultured in vitro with cells of the H99/C3D clone (Perfect, J. R., unpublished data). Experiments employing CSF and alveolar macrophages for phagocytosis of H99 cells cultured with and without C02/HCO remain to be performed.
Animal virulence experiments. The H99 strain causes cryptococcal meningitis when injected intracisternally into rabbits immunosuppressed with cortisone (7) . Isolation of the H99-derived C3D clone provided the opportunity to test its virulence and stability in vivo. The combined results of three experiments are shown in Fig. 8 . 24-48 h after intracisternal inoculation of yeast, CSF from nearly all rabbits receiving wild-type organisms were positive by India ink for thickly encapsulated yeasts. Based on the findings presented in Fig. 4 , the concentrations of CO2 and bicarbonate in CSF would be expected to provide ample stimulus for encapsulation of H99 cells. These concentrations, measured on human CSF by a number of investigators, are -47 torr and 24 mM, respectively (20) . The levels in rabbit CSF would not be expected to differ significantly from other mammals, including humans. Rabbits receiving H99 cells developed chronic meningitis with 103-104 cryptococci per milliliter of CSF throughout the 3-wk period. 5 of 12 rabbits given H99 cells died during this time. All were heavily infected and exhibited focal neurologic signs. This is the typical course of infection in steroid-treated animals (7, Bulmer's group proposed that cryptococcal encapsulation is a dynamic process, one that is responsive to the environmental niches occupied by this species (21) . Our findings confirm and expand this notion. Upon entry into the lung, narrowly encapsulated cells from the environment are exposed to a CO2 concentration that would result in maximal elevation of capsular polysaccharide synthesis. Whether the newly synthesized carbohydrate is structurally different is under study. At what level does this regulation occur? We favor modulation of a previously assembled enzyme system inasmuch as uninduced cells synthesize capsule but at a much lower rate. The enzymes responsible for capsule production have not been studied nor is the site of synthesis known. Regulation of glycogen synthesis in baker's yeast bears consideration as a model of control. The key regulatory enzyme, a glucosyl transferase, is activated by glucose-6-phosphate and shows marked inhibition by monovalent anions such as chloride (25, 26) . It is possible that the CO2 effect that we describe could be related to chloride. Dissolved CO2 readily enters the cell, hydrates (yeast carbonic anhydrase), and dissociates to bicarbonate based on the prevailing intracellular pH. Released protons are buffered. This may produce chloride efflux if the cells are impermeable to cations which otherwise could enter to balance newly generated bicarbonate anions. At equilibrium the fallen steady-state chloride concentration would allow the hypothetical mannosyl transferase to become active. In this regard, it is intriguing that Farhi et al. (21) and later Dykstra et al. (22) showed that high extracellular NaCl concentration markedly suppressed encapsulation of all strains studied. Increased intracellular glucose-6-phosphate concentration, by activating the transferase, could induce encapsulation in the absence of high CO2 tension. This would occur when cell replication slows upon entry into stationary phase with decreased glucose flux down the glycolytic pathway.
Alternatively, the CO2 effect could be related to lowering of cytosolic pH if a rate-limiting step in capsule synthesis is highly pH sensitive. However, significant stimulation of capsule formation occurs at <5 mM total CO2 concentration (Fig. 4  A) . Considering the high degree of cytosolic buffering capacity, it seems likely that the pH change to this concentration of CO2 is negligible once a steady state is reached. Nevertheless an effect on intracellular pH must be considered as a means through which CO2 induces capsule synthesis.
The degree of encapsulation of different strains of C. neoformans has never been convincingly shown to affect virulence (5, 22) , but the ability to regulate encapsulation has not been studied in this regard. Selection of a stable phenotype lacking the regulatory property enabled us to approach this question. The results suggest that the C02-induced regulatory property may be a virulence factor. Log-phase H99 cells exposed to high CO2 become highly resistant to complementmediated phagocytosis whereas air-grown cells, or H99/C3D cells grown in high C02, are efficiently phagocytized. A large inoculum of C3D cells given intracisternally to steroid-treated rabbits is cleared from the CSF by -14 d after failing to produce the chronic meningitis that results from the same number of wild-type cells. No revertants were found when CSF was repeatedly examined by India ink preparations or plating the cryptococci on DME agar medium with C02/HCO5 to detect heavily encapsulated colonies. In the case of some C. neoformans stains (e.g., F396), factors other than CO2 may regulate the rate of capsule synthesis. It is clear that the expression of virulence is multifaceted and the CO2 regulatory property is but one of these factors.
The encapsulation process may be a regulated function which is adaptive for the success of this parasite. We speculate that, in the saprophytic environment, encapsulation is suppressed. This favors rapid growth and, perhaps, mating of a and alpha types. Once small infectious particles are inhaled, encapsulation is stimulated by the high CO2 concentration found in lung and other tissues. In addition to C02, other stimuli may contribute to accelerate capsular polysaccharide synthesis as well. Under these conditions the organism replicates more slowly but gains a critical advantage: it becomes more resistant to phagocytosis. This would favor survival in the lungs and allow dissemination to the meninges and other tissues.
